Introduction
Genetic studies suggest that Rpd3p is functionally related to the global transcriptional repressor Sin3p/ In a eukaryotic cell, genes are complexed with chromoRpd1p. Sin3p was isolated originally as an antagonizer somal proteins, particularly histones. Thus, a central of Swi5p (Nasmyth et al., 1987; Sternberg et al., 1987) . question is how RNA polymerases and transcription facThe SIN3 gene encodes a protein with four putative tors gain access to DNA tightly packed in chromatin. In paired amphipathic helix (PAH) domains believed to be the last few years, factors capable of altering the strucinvolved in protein-protein interactions (Wang et al., ture of chromatin have been identified (for review, see 1990) . Although Sin3p does not possess DNA-binding . One important event is the acetylaactivity, it can repress transcription when tethered to a tion of lysine residues of the core histones (Brownell promoter through a heterologous DNA-binding domain and Allis, 1996; Wolffe and Pruss, 1996) . Biochemical (Wang and Stillman, 1993) . Therefore, Sin3p has been studies have revealed a correlation between the level postulated to repress transcription by interacting with of histone acetylation and transcriptional activity (Hebsequence-specific DNA-binding proteins (Wang and bes et al., 1988; Braunstein et al., 1993) . HyperacetylaStillman, 1993) . The isolation of a mammalian homolog tion of core histones correlates with gene activation, of yeast Sin3p (mSin3) demonstrated that this is indeed while hypoacetylation of core histones correlates with the case (Ayer et al., 1995; Schreiber-Agus et al., 1995) . gene repression . It is believed
The PAH2 domain of mSin3 was found to interact with that histone acetylation makes chromatin less conthe N-terminal regions of the DNA-binding proteins Mad, densed and thereby facilitates the access of transcripMxi1, and Mnt. This interaction is required for the represtion factors to DNA Garcia-Ramirez et sion activity of the Max-Mad/Max-Mxi1/ Max-Mnt heteral., 1995) . Recently, factors containing histone acetylodimers (Ayer et al., 1995; Schreiber-Agus et al., 1995 ; transferase activity have been identified. Significantly, Hurlin et al., 1997) . Recently, it was demonstrated that mSin3, when tethered to DNA through the N terminus several of these are transcriptional coactivators, such of Mad or Mnt, can repress c-Myc-mediated transcripcomposed of the Gal4 DNA-binding domain (amino acids 1-147) and the N-terminal 35 amino acids of Mad, tional activation and c-Myc-induced cell transformation (Ayer et al., 1996; Harper et al., 1996; Roussel et al., the mSin3-interacting domain (SID, MadN35Gal; see Ayer et al., 1996) . Specificity was assessed by cotrans-1996; Hurlin et al., 1997) .
Sin3p/Rpd1p and HDAC1/Rpd3p regulate the same fecting a plasmid encoding a mutant SID domain that disables the interaction between Mad and mSin3 [Mad set of genes and appear to be involved in the same regulatory pathway . Since both yeast (Pro) N35Gal, Ayer et al., 1996 ] (see Figure 1b) . The MadN35Gal plasmid has been shown previously to be and mammalian Sin3 proteins can interact with DNAbinding proteins Ayer et al., able to repress transcription in a mSin3-dependent manner (Ayer et al., 1996) . Consistent with previous results, 1995; Schreiber-Agus et al., 1995) , it has been postulated that Sin3-mediated repression of transcription may transfection of the plasmid encoding the Gal4 DNAbinding domain (amino acids 1-147) alone resulted in involve recruitment of the histone deacetylase HDAC1/ Rpd3p through protein-protein interactions (Wolffe, stimulation of luciferase activity ( Figure 1c , column 1 versus 2). This effect is likely due to the cryptic activation 1996).
In the present studies, we have immunopurified a domain present in Gal41-147. Nonetheless, transfection of a plasmid encoding MadN35Gal resulted in repression Sin3-containing complex from human cells. We have found that mSin3 is associated with histone deacetyof transcription, as the levels of luciferase activity were reduced approximately 5-fold (column 3). The observed lases HDAC1 and HDAC2, as well as with RbAp48, RbAp46, and two novel polypeptides. We demonstrate repression was specific, as a reporter lacking the Gal4 site was not affected (data not shown). Moreover, the that the polypeptides in this complex are functionally important for mSin3-mediated repression of transcription.
effect was due to the tethering of mSin3 to the promoter, since transfection of a plasmid encoding the mutant SID domain has reduced effect ( Figure 1c , columns 2 and 3 Results versus 2 and 5). The small effect observed with the mutant is most likely caused by a weak interaction beMammalian Sin3 Interacts with the Histone tween mSin3 and Mad(Pro)N35Gal. Importantly, coDeacetylase HDAC1 transfection of a plasmid encoding HDAC1 resulted in To gain insight into the molecular mechanism of mSin3-an increase in the mSin3-mediated repression of tranmediated transcriptional repression, we purified mSin3 scription (column 3 versus 4). This effect, while modest, from human cells, using Western blots to follow its chrowas specifically mediated through mSin3, as no effect matographic behavior. We found that mSin3 exists in was observed when a plasmid encoding HDAC1 was large complexes and copurifies with histone deacetycotransfected with the SID mutant (column 5 versus lases HDAC1 and HDAC2, as well as with RbAp48 and 6). In addition, cotransfection of the HDAC1 expression a related polypeptide, RbAp46 (Qian et al., 1993, Qian vector together with a reporter lacking the Gal4 sites and Lee, 1995) (data not shown; see below).
was without effect (data not shown). The modest effect To analyze whether mSin3, HDAC1, and the Rbobserved by cotransfecting HDAC1 is not surprising and associated polypeptides interact in vivo, cells were can be attributed to high levels of the intracellular contransfected with an expression vector encoding a C tercentrations of HDAC1 and HDAC2 (see below), or, alterminus FLAG-tagged HDAC1 (Taunton et al., 1996) . Cells natively, to the observation that the transiently transfected transfected with the HDAC1 expression vector, or an plasmid did not assemble into ''normal'' chromatin (Arempty FLAG tag vector, were lysed, and antibodies cher et al., 1992; . The fact against the FLAG tag were used to immunoprecipitate that the effect of HDAC1 was dependent on the ability HDAC1-FLAG. The transient expression of HDAC1-to tether mSin3 to the promoter, together with the results FLAG and the possible coimmunoprecipitation of mSin3 presented above demonstrating an interaction between and the Rb-associated polypeptides were analyzed by mSin3 and HDAC1 in vivo, and in vitro (data not shown, Western blot, using antibodies specific to the polypepsee below), strongly suggests that the interaction betides. The results demonstrate that the anti-FLAG antitween mSin3 and HDAC1 is important for the mSin3-bodies immunoprecipitated HDAC1-FLAG, mSin3, and mediated repression of transcription. both the RbAp46 and RbAp48 polypeptides ( Figure 1a , lane 2). In contrast, cells transfected with the empty vector did not show significant levels of the polypeptides Affinity Purification of mSin3-Containing Complexes The results described above suggested that mSin3, (lane 3). Therefore, we conclude that mSin3, HDAC1, and the RbAPs interact in vivo.
HDAC1, and the Rb-associated polypeptides may be components of a complex, and therefore, we sought to To investigate whether HDAC1 plays a role in mSin3-mediated repression of transcription in vivo, cells were isolate such a complex. An affinity column with antibodies against the PAH2 domain of mSin3 cross-linked to transfected with an HDAC1 expression vector. HDAC1 was tethered to the promoter through its ability to interprotein A-agarose beads was used to immunoaffinity purify the mSin3-containing complex(es). As controls, act with mSin3. mSin3 was directed to the promoter through its ability to interact with the N-terminal domain we used antibodies directed against GST or Cdk8, a component of the RNAPII complex (Maldonado et al., of Mad (Ayer et al., 1995) (see Figure 1b) . The luciferase reporter, driven by the adenovirus major late promoter 1996). Western blot analysis of the eluates derived from each column ( Figure 2a , lanes B) demonstrates that the with five Gal4 sites upstream of the TATA motif, was cotransfected with plasmid encoding a fusion protein anti-mSin3 column retained mSin3, HDAC1, and HDAC2 293T cells plated on 100-mm dishes were transfected with 10 g of either an empty FLAG-containing vector (lane 3) or plasmids encoding C-terminal FLAG-tagged HDAC1 (lane 2). Whole cell lysates were incubated with anti-FLAG M2 affinity gel. Immunoadsorbed materials were washed as described (Yeung et al., 1994) , eluted, and analyzed for mSin3, HDAC1, and RbAPs by Western blot.
The HDAC1 polypeptide appears as a doublet due to the fact that the antibodies used recognized HDAC1 and HDAC2 (see text for details). Lane 1 contains 10 l of DEAE-Sephacel pool, which serves as a control for monitoring mSin3 and HDAC1/HDAC2. 293T cells plated in 100 mm plates were transfected with 2 g of reporter plasmid and 8 g of MadN35Gal or Mad(pro)N35Gal, together with 4 g of HDAC1-FLAG plasmids where indicated (ϩ). Forty-eight hours after transfection, cells were harvested and cell extracts were assayed for luciferase activity. Transfection efficiencies were normalized using ␤-galactosidase assay. Transfections were repeated at least two times in duplicate. Presence and absence of the effector plasmid are indicated by (ϩ) and (Ϫ), respectively.
(lane 6), as well as RbAp46 and RbAp48 (data not shown, present in the anti-mSin3-derived fraction ( Figure 2b , lane 9). see below), whereas the anti-Cdk8 column retained RNAPII and cyclin C (lane 9). The above polypeptides were not detected in the eluate from the anti-GST column (lane 3). Recent studies have indicated that HDAC2
Characterization of the Polypeptides Present in the Anti-mSin3 Affinity Purified Fraction interacts with YY1 ; however, YY1 was absent in the eluate derived from the anti-mSin3 column Western blot analysis, together with microsequencing of isolated polypeptides, was used to characterize each (data not shown).
Silver staining of a SDS-PAGE gel containing the eluof the polypeptides present in the anti-mSin3 affinity purified fraction. Western blot analysis demonstrated ates derived from each column revealed no specific polypeptides in the anti-GST-derived fraction ( Figure 2b , the presence of mSin3 in the immunopurified complex ( Figure 2 ). This was expected, since mSin3-antibodies lane 3). Consistent with the demonstration that Cdk8 is an integral component of the yeast (Koleske and Young, were used to immunoaffinity purify the complex. Microsequencing of peptides derived from the second 1995) and human (Maldonado et al., 1996) RNAPII complexes, and with the observations that these complexes largest polypeptide identified it as histone deacetylase HDAC1 (Figure 3a) . Western blot analysis confirmed this contain many undefined proteins, the anti-Cdk8-derived fraction was heterogeneous (Figure 2b , lane 6). In conresult and revealed that the third largest polypeptide was also immunoreactive to anti-HDAC1 antibodies trast, only about 10 predominant polypeptides were ( Figures 2a and 2b) . Microsequencing of a peptide derived from this polypeptide revealed it to be the recently isolated histone deacetylase HDAC2 (Figure 3a) . Interestingly, microsequencing of a peptide derived from the polypeptide, migrating slightly above the 43 kDa marker (see HDAC1* in Figure 2b ), demonstrated that it was derived from HDAC1 and/or HDAC2 (Figure 3a) . However, mass fitting of other peptides derived from HDAC1* demonstrated it to be HDAC1 (data not shown). Therefore, we conclude that this polypeptide is either a proteolyzed or a differentially spliced form of HDAC1.
Western blot analysis demonstrated that the doublet migrating with an apparent mass of approximately 50 kDa (Figure 2b ) corresponds to the Rb-associated polypeptides (data not shown). Microsequencing of six peptides derived from these proteins confirmed the Western blot results, as two peptides specific for RbAp46 and two other peptides specific for RbAp48 were found (Figure 3a) . In addition, two peptides shared by RbAp46 and RbAp48 were also obtained (Figure 3a) . Based on the UV absorbance (OD 214 ) of the HPLC-separated tryptic peptides specific to each polypeptide, the molar ratio of RbAp46 to RbAp48 was estimated to be 4:1 (data not shown). We noticed that there are proteins in the anti-GST and the anti-Cdk8 columns that appear to comigrate with the RbAp46 and RbAp48 (Figure 2b , lanes 3 and 6). These polypeptides were not immunoreactive to antibodies recognizing RbAp46 and RbAp48 (data not shown), and most likely represent non-cross-linked im- its function. However, like mSin3, it is ubiquitously expressed in all tissues analyzed (data not shown).
Equal amounts of radiolabeled proteins ( Figure 4a) were incubated with either GST (lanes 4-6) or GST-SAP18 Interacts with mSin3 and Enhances SAP18 (lanes 7-9) that were attached to glutathionethe Ability of mSin3-Mediated Repression agarose beads. No radiolabeled protein was pulled of Transcription down by the GST protein alone (lanes 4-6) . However, To analyze whether the presence of SAP18 in the mSin3 under the same conditions, mSin3 was efficiently pulled affinity purified sample was specific, we analyzed whether down by GST-SAP18 (lane 8). HDAC1 could also be SAP18 interacts with mSin3 and HDAC1. Toward this pulled down by the GST-SAP18 (lane 9). However, the end, a GST-SAP18 fusion protein was purified and used pull-down was not as efficient as with mSin3 (compare to pull down mSin3 and HDAC1 that were radiolabeled in an in vitro transcription-translation system. lanes 8 and 9). The interaction was specific to both (lanes 5 and 9), and luciferase (lanes 6 and 7) were incubated with 2 g of GST or GST-SAP18 proteins in the presence of glutathione-agarose beads. Proteins were synthesized and labeled in vitro using rabbit reticulocyte lysate and [ 35 S]-methionine according to the instructions of the manufacturer (Promega). Fusion proteins were bound to 10 l of glutathione-agarose beads and incubated with equal amounts of in vitro translated protein in 0.5 ml of buffer containing 20 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, and 0.2% NP-40 at 4ЊC overnight. The beads were washed three times with the same buffer, and the bound proteins were eluted with 20 l of SDS-PAGE loading buffer. Eluted proteins were resolved by electrophoresis and were visualized by fluorography. Amounts of about 1/10 of each protein were used as input (lanes 1-3). The positions of protein size markers are indicated. (b) SAP18 is associated with both mSin3 and HDAC1 in vivo. 293T cells plated in 100-mm dishes were transfected with 10 g of empty FLAG-containing vector (lane 4), or plasmids encoding FLAG-tagged HDAC1 (lane 2), or SAP18 (lane 3). Immunoprecipitation and Western blot analysis were performed as described in Figure 1a . The top strip was probed with antibodies against mSin3. The middle strip was probed with antibodies that recognize HDAC1 and HDAC2. The bottom strip was probed with anti-FLAG antibodies. Lane 1 is the DEAE-Sephacel pool, which serves as a control for monitoring mSin3 and HDAC1/HDAC2. (c) SAP18 enhances mSin3-mediated transcription repression. 293T cells were transfected with 2 g of reporter plasmid (see Figure 2) together with 8 g of MadN35Gal or MadN35(Pro)GAL in the presence or absence of 4 g of FLAG-SAP18. Forty-eight hours after transfection, cells were harvested and cell extracts were assayed for luciferase activity. Transfection efficiencies were normalized using ␤-galactosidase assay. Transfections were repeated at least two times in duplicate. Presence and absence of effector plasmids are indicated by (ϩ) and (Ϫ), respectively. (d) SAP18 can function as a transcriptional repressor when brought to the promoter. Transfections were performed using the TK promoter with five Gal4 sites, as described above and indicated in the figure. Transfection efficiencies were normalized using ␤-galactosidase assay. Transfections were repeated at least three times in duplicate.
polypeptides, as GST-SAP18 failed to pull down lucifer-SAP18 exists in a complex with mSin3 and HDAC1 in vivo. ase (lane 7). It is likely that SAP18 directly interacts with mSin3. However, we cannot rule out the possibility that To analyze the role of SAP18 in mSin3-mediated repression of transcription in vivo, 293T cells were coother polypeptides present in the rabbit reticulocyte lysate mediate the interaction.
transfected as described in Figure 1b , but the HDAC1 expression vector was substituted by an SAP18 expresHaving established an in vitro interaction, we next asked whether SAP18 interactions could be demonsion vector (Figure 4c ). In agreement with previous studies, and with the studies described above (Figure 1c ), strated in vivo. Toward this end, cells were transfected with plasmid encoding either an N-terminal FLAG epitransfection of an expression vector encoding the Gal4 DNA-binding domain alone (Gal4 1-147 ) resulted in stimulatope-tagged SAP18, or a C-terminal FLAG epitopetagged HDAC1. Cells transfected with these plasmids, tion of transcription from the reporter containing Gal4 sites ( Figure 4c , column 1 versus 2). In agreement with or with an empty FLAG vector plasmid, were lysed, and antibodies against the FLAG tag were used to immunothe results presented in Figure 1c , transcription was severely reduced by transfection of a vector encoding precipitate FLAG-SAP18, HDAC1-FLAG, and interacting polypeptides. The results demonstrate that the antithe Gal4 DNA-binding domain fused to the SID domain of Mad (Figure 4c, column 3) . Transfection of an expres-FLAG antibodies immunoprecipitated FLAG-SAP18 as well as mSin3 and HDAC1 from extracts derived from sion vector containing Gal41-147 fused to a mutant SID domain resulted in reduced repression (Figure 4c , colcells transfected with the FLAG-SAP18 plasmid ( Figure  4b, lane 3) . In contrast, no specific polypeptides were umn 5). Importantly, cotransfection of an expression vector encoding SAP18 resulted in a further decrease in immunoprecipitated from the cells transfected with the empty vector (lane 4). In agreement with the results the levels of repression observed with the fusion protein containing a wild-type SID domain (column 4). The presented above (Figure 1a) , the anti-FLAG antibodies immunoprecipitated HDAC1-FLAG and mSin3 from cells SAP18 effect was specific, as cotransfection of a plasmid encoding SAP18 with a plasmid containing a mutatransfected with the HDAC1-FLAG expression vector (Figure 4b, lane 2) . The results strongly suggest that tion in the SID domain was without effect (Figure 4c , column 5 versus 6). Moreover, the effect observed by the Rb-associated polypeptides were not stoichiometric, with RbAp46 being more abundant. Importantly, we cotransfecting SAP18 was dependent on the presence of the Gal4 sites in the reporter, as SAP18 was without found that RbAp46 and RbAp48, together with mSin3, were coimmunoprecipitated by antibodies immunoeffect on a reporter lacking the Gal4 sites (data not shown).
precipitating HDAC1-FLAG (Figure 1a) . However, we also observed that antibodies immunoprecipitating Since we found that mSin3 interacts with SAP18, we speculated that tethering SAP18 to the promoter would FLAG-SAP18 coimmunoprecipitated mSin3 and HDAC1, but not HDAC2 (Figure 4b and data not shown). result in the formation of an mSin3-containing complex, and therefore, would result in repression of transcripWhy are the Rb-associated proteins p46 and p48 present in the affinity purified mSin3 complex? Both RbAp46 tion. As shown in Figure 4d , tethering HDAC1 or SAP18 to the promoter through the Gal4 DNA-binding domain and RbAp48 were originally isolated from HeLa cell extracts as proteins that bound to immobilized Rb fragresulted in transcription inhibition. The observed repression requires SAP18/HDAC1 to be tethered to the rement (Qian et al., 1993; Qian and Lee, 1995) . The two proteins are 90% identical and belong to the WD-repeat porter, as no repression was observed from a reporter without Gal4 sites (data not shown) or when an exprotein family that is involved in highly diverse cellular processes (Neer et al., 1994) . RbAp48 was found to be pression vector encoding SAP18 or HDAC1 alone, in the absence of the Gal4 DNA-binding domain, was a subunit of human histone deacetylase HDAC1 (Taunton et al., 1996) . Although it is not required for histone transfected (data not shown, see Figures 1c and 4c) . Thus, the results collectively demonstrate that SAP18 deacetylase activity, it was postulated that RbAp48 targets HDAC1 to core histone proteins (Taunton et al., is a component of the mSin3-repressing complex.
1996). A p46/p48 homolog from S. cerevisiae, termed Hat2p, was recently found to be a subunit of the B-type Discussion histone H4 acetyltransferase Hat1p (Parthun et al., 1996) . Hat2p is required for high affinity binding of the The studies presented here, using a combination of conhistone acetyltransferase Hat1p to histone H4 (Parthun ventional and affinity chromatography, and transfection et al., 1996) . In addition, RbAp48 is a subunit of the studies, demonstrate that mSin3 exists in a functional chromatin assembly factor CAF1 (Tyler et al., 1996 ; Vercomplex with histone deacetylases in vivo and in vitro. reault et al., 1996) . Importantly, RbAp48 interacts with We have isolated a mammalian Sin3-containing complex histone H4 . It is therefore likely and have characterized its constituent polypeptides. Conthat RbAp48 and/or RbAp46 function to target histonesistent with the suggestion that mSin3-mediated represmodifying enzymes to core histones. sion of transcription involves the modification of core
We have demonstrated that SAP18 exists in the same histones, we found that the mSin3-containing complex complex with mSin3 and HDAC1 (Figure 4) , and that includes polypeptides with the ability to tether the mSin3 SAP18 enhances mSin3-HDAC1-mediated transcripcomplex to core histones, such as the Rb-associated tional repression. Importantly, we observed that SAP18, polypeptides p46 and p48. However, the Rb polypeptide when tethered to the promoter, can direct the formation was absent in the complex (data not shown). In addition, of a repressive complex (Figure 4) . A key question is the two novel mSin3-associated polypeptides, SAP18 and function of these polypeptides in Sin3-mediated repres-SAP30, were identified. We isolated a cDNA encoding sion of transcription. The availability of an mSin3 comhuman SAP18 and found that SAP18 is a component of plex and its recombinant polypeptides, together with a an mSin3-containing complex in vivo. Moreover, we chromatin reconstituted RNAPII transcription system (G. have demonstrated a direct and functional interaction Orphanides, G. LeRoy, and D. R., unpublished data), is between SAP18 and mSin3. Consistent with the ability likely to define the role of the different polypeptides in of SAP18 to interact with mSin3, we found that a fusion mSin3 repression of transcription. protein between the Gal4 DNA-binding domain and SAP18 repress transcription of a reporter containing
Experimental Procedures
Gal4-binding sites, but not of a reporter lacking the Gal4 sites. The novel SAP30 polypeptide present in the affin-
